With the rapid development of subway systems, the negative environmental impacts of vibration induced by subways has gradually become a research hotspot. For the purpose of developing predictive models of vibration and designing effective vibration mitigation systems, continuous field dynamic measurements were conducted simultaneously in a subway tunnel, ground, and building in eastern China, the most prosperous region in China. The characteristics of vibration transmission and attenuation induced by subway were analyzed by statistical analysis of large amounts of measurement data. The results showed that most prominent and visible attenuation of vibration is from the track to the ballast bed in the tunnel, where the ground-borne vibration would quickly decrease exponentially with distance. The results also showed that the measured attenuation value of indoor vibration was approximate 0.76 dB on average between each floor. Moreover, the decay ratio of the vibration increased with the increase in the frequency range. Based on these findings, construction gauge of 20-25 m outside of the tunnel is recommended. In addition, reducing the vibration source excitation intensity is the most effective vibration isolation method, especially by track structural transformation. Sustainability 2019, 11, 6835 2 of 12
Introduction
In recent years, human engineering activity has become one of the main challenges on environment sustainable development [1] . Due to the construction and operation of subways, the problem of ground-borne vibration induced by underground railways has been reported frequently in China [2, 3] . Although the vibration induced by subway could not usually inflict direct damage on ground structures along the subway line, the vibrations and re-radiated noise inside buildings may cause disturbance to the nearby residents, especially given that most subway lines are located in large cities with a dense population [4] [5] [6] [7] .
Vibrations induced by subways are generated primarily at the wheel-rail interface and then propagate through the tunnel and surrounding soil into the nearby ground environment as 'ground-borne vibrations'. Finally, these ground-borne vibrations reach nearby buildings and cause the walls and floors to shake, which may also result in ground-borne noise ('re-radiated noise') causing annoyance to people [8] .
Field Measurement Information
As the China Financial Center and transport hub for East Asia, the coastal areas in east China was one of the first region to open the subway systems in China with many operating subway lines and many more in planning and construction. This makes this area one of the most suitable sites for studying subway environmental influences, and therefore field measurements were conducted in an urban area in this region. The subway line is buried at about 12 m depth and the building under study is a six-story masonry dwelling above the tested line. The subway is concrete construction. The soil around the subway tunnel is mainly saturated soft soil. The sketch map of the measurement site is shown in Figure 1 .
In order to investigate the environmental influences caused by subway vibration, continuous dynamic measurement was conducted simultaneously in the subway tunnel, ground and building above the tested subway tunnel. The measurement last throughout the metro operation. Figure 1 shows the location of the ground test points. The high-speed multi-channel signal acquisition processing system (PXI1042, made by NI Inc.) was applied in this measurement, with a range and sensitivity of the accelerometer all meeting the requirements. At each test point, accelerometers were mainly placed on vertical, longitudinal, and transversal directions across the tunnel. Here, the transversal direction means direction perpendicular to the steel rails in the horizontal plane, while the longitudinal direction Sustainability 2019, 11, 6835 3 of 12 means the direction along the rails in the horizontal plane. All measurements were performed using IC accelerometers LC0132T type with sensitivity of 50 V/g. In the tunnel, the accelerometers were positioned on the track, ballast bed and tunnel inner wall, as shown in Figure 2 . In this measurement, the accelerometers on the track were arranged in a vertical direction and the accelerometers on the ballast bed and tunnel inner wall were arranged in a vertical direction and transversal direction. The sampling frequency of all test points in the tunnel was 3000Hz. On the ground, a line of surface vibration sensors was set up horizontally at about 0, 4, 8, 12, 14, 19, 26 and 31 m away from the centerline of the subway tunnel at different vertical distances to the tunnel axis, as shown in Figure 1 . Apart from researchers of this study, the measurement area was evacuated, in order to find the attenuation characteristics more clearly and to avoid the interference of other human factors. At each test point, accelerometers were arranged in three directions and the sampling frequency of all test points on the ground was 1000 Hz (Figure 3 ). In the tunnel, the accelerometers were positioned on the track, ballast bed and tunnel inner wall, as shown in Figure 2 . In this measurement, the accelerometers on the track were arranged in a vertical direction and the accelerometers on the ballast bed and tunnel inner wall were arranged in a vertical direction and transversal direction. The sampling frequency of all test points in the tunnel was 3000 Hz. In the tunnel, the accelerometers were positioned on the track, ballast bed and tunnel inner wall, as shown in Figure 2 . In this measurement, the accelerometers on the track were arranged in a vertical direction and the accelerometers on the ballast bed and tunnel inner wall were arranged in a vertical direction and transversal direction. The sampling frequency of all test points in the tunnel was 3000Hz. On the ground, a line of surface vibration sensors was set up horizontally at about 0, 4, 8, 12, 14, 19, 26 and 31 m away from the centerline of the subway tunnel at different vertical distances to the tunnel axis, as shown in Figure 1 . Apart from researchers of this study, the measurement area was evacuated, in order to find the attenuation characteristics more clearly and to avoid the interference of other human factors. At each test point, accelerometers were arranged in three directions and the sampling frequency of all test points on the ground was 1000 Hz (Figure 3 ). On the ground, a line of surface vibration sensors was set up horizontally at about 0, 4, 8, 12, 14, 19, 26 and 31 m away from the centerline of the subway tunnel at different vertical distances to the tunnel axis, as shown in Figure 1 . Apart from researchers of this study, the measurement area was evacuated, in order to find the attenuation characteristics more clearly and to avoid the interference of other human factors. At each test point, accelerometers were arranged in three directions and the sampling frequency of all test points on the ground was 1000 Hz (Figure 3 ). In the six-story building above the tested subway tunnel, the three-direction accelerometers were located almost directly above the test line, at the center of the rooms on selected floors. The sampling frequency of all test points in the tested rooms was 1000 Hz.
The measured process is accord with the requirements of correlative specifications, such as Federal Transit Administration (FTA) criteria [15] . The measured data were then processed to obtain the frequency spectra in 1/3 octave frequency for individual train pass-by events based on fast Fourier transforms (FFT) of time signals. Because vertical vibrations were dominant in the over-track buildings [1, 15] , this paper mainly analyzes the vertical vibration acceleration.
Results

Vibration Response in the Subway Tunnel
The dynamic behavior of each measurement point, represented by the time history curve of vibration acceleration period, was obtained using the results of the dynamic tests on accelerometers measurements. Exemplary acceleration waveforms in the vertical "z" direction are visualized in Figure 4 . As Figure 4 shows, the vibration characteristics was obviously different in different locations, whether time-history or frequency-domain. In the six-story building above the tested subway tunnel, the three-direction accelerometers were located almost directly above the test line, at the center of the rooms on selected floors. The sampling frequency of all test points in the tested rooms was 1000 Hz.
Results
Vibration Response in the Subway Tunnel
The dynamic behavior of each measurement point, represented by the time history curve of vibration acceleration period, was obtained using the results of the dynamic tests on accelerometers measurements. Exemplary acceleration waveforms in the vertical "z" direction are visualized in Figure 4 . As Figure 4 shows, the vibration characteristics was obviously different in different locations, whether time-history or frequency-domain. Peak ground acceleration (PGA) amplification factor is widely used to evaluate the acceleration. Descriptive statistic was used for a better understanding of the extreme values of vertical vibration acceleration amplitude (Peak Ground Acceleration, PGA) on each measurement point in the tunnel ( Figure 5 ). As shown in Figure 5 , the extreme values of vibration acceleration amplitude were significantly reduced with distance from the vibration source, especially when vibration wave spread between the track and ballast bed. In other words, the vibration on track was much more than the vibrations on the ballast bed and tunnel wall.
Through signal preprocessing, we could change the measured vibration acceleration time history to the frequency vibration levels on 1/3 octave band, as shown in Figure 6 . This figure shows how 1/3 octave spectra of typical vertical and transversal vibrations in the tunnel change with distance from the vibration source. It is observed that there is a substantial reduction of vibration level from the track to the ballast bed and tunnel inner wall, consistent with the statistics of PGA in Figure 5 . Peak ground acceleration (PGA) amplification factor is widely used to evaluate the acceleration. Descriptive statistic was used for a better understanding of the extreme values of vertical vibration acceleration amplitude (Peak Ground Acceleration, PGA) on each measurement point in the tunnel ( Figure 5 ). As shown in Figure 5 , the extreme values of vibration acceleration amplitude were significantly reduced with distance from the vibration source, especially when vibration wave spread between the track and ballast bed. In other words, the vibration on track was much more than the vibrations on the ballast bed and tunnel wall. Through signal preprocessing, we could change the measured vibration acceleration time history to the frequency vibration levels on 1/3 octave band, as shown in Figure 6 . This figure shows how 1/3 octave spectra of typical vertical and transversal vibrations in the tunnel change with distance from the vibration source. It is observed that there is a substantial reduction of vibration level from the track to the ballast bed and tunnel inner wall, consistent with the statistics of PGA in Figure 5 . More importantly, the distribution of vibration energy varies greatly with frequency range. The band of vibration energy on track is concentrated between 300-600 Hz, whereas, on ballast bed and tunnel wall it ranges from 30-300 Hz. In the other words, the higher frequency, the more reduction.
Vibration Response on the Ground
To study the attenuation of vibration of the subway on the ground with the increasing distance from the origin of vibration, the monitored data were averaged and the statistics of PGA on the ground is given in Figure 7 . It can be seen from Figure 7 that the attenuation of the subway vibration exhibits a certain trend with the increasing distance, conforming to an exponential function with the coefficient of determination (R 2 = 0.9539).
Based on the results of the statistical analysis of a large amount of measurement data, 1/3 octave spectra of average vertical vibration acceleration is given in Figure 8 . This figure shows that the band of vibration energy on the ground is concentrated between 10-250 Hz with a peak within 30-60 Hz. More importantly, the distribution of vibration energy varies greatly with frequency range. The band of vibration energy on track is concentrated between 300-600 Hz, whereas, on ballast bed and tunnel wall it ranges from 30-300 Hz. In the other words, the higher frequency, the more reduction.
To study the attenuation of vibration of the subway on the ground with the increasing distance from the origin of vibration, the monitored data were averaged and the statistics of PGA on the ground is given in Figure 7 . It can be seen from Figure 7 that the attenuation of the subway vibration exhibits a certain trend with the increasing distance, conforming to an exponential function with the coefficient of determination (R 2 = 0.9539). Based on the results of the statistical analysis of a large amount of measurement data, 1/3 octave spectra of average vertical vibration acceleration is given in Figure 8 . This figure shows that the band of vibration energy on the ground is concentrated between 10-250 Hz with a peak within 30-60 Hz. 
Vibration Response in the Building
Based on massive measurement acceleration data on different floors of the six-story building (Figure 1) , we obtained the dynamic behavior of each measurement room. Exemplary acceleration data in the vertical "z" direction from some test rooms are visualized in Figure 9 . The Figure 9 shows the dominant frequency of indoor vibration ranges from 30 Hz to 300 Hz and its peak ranges within 40-60 Hz. It is observed that there is a substantial reduction of vibration level from the track to the room, and the higher frequency, the more reduction. 
Based on massive measurement acceleration data on different floors of the six-story building (Figure 1) , we obtained the dynamic behavior of each measurement room. Exemplary acceleration data in the vertical "z" direction from some test rooms are visualized in Figure 9 . 
Based on massive measurement acceleration data on different floors of the six-story building (Figure 1) , we obtained the dynamic behavior of each measurement room. Exemplary acceleration data in the vertical "z" direction from some test rooms are visualized in Figure 9 . The Figure 9 shows the dominant frequency of indoor vibration ranges from 30 Hz to 300 Hz and its peak ranges within 40-60 Hz. It is observed that there is a substantial reduction of vibration level from the track to the room, and the higher frequency, the more reduction. The Figure 9 shows the dominant frequency of indoor vibration ranges from 30 Hz to 300 Hz and its peak ranges within 40-60 Hz. It is observed that there is a substantial reduction of vibration level from the track to the room, and the higher frequency, the more reduction.
Discussion
Characteristic of the Vibration Attenuation Transmitted from Subway
The main goal of current research on subway vibration is to develop predictive models of vibration and to design effective vibration mitigation measures. However, it is necessary to first understand the characteristic of vibration attenuation transmitted from subway. Generally speaking, the system for propagation and attenuation of subway vibration is composed of three autonomous models: (i) vibration source (train-track interaction); (ii) vibration propagation (tunnel-ground); (iii) vibration reception (building) [16] [17] [18] . As mentioned before, the vibrations always decrease with distance from the vibration source.
The first thing to consider here is the vibration source (train-track interaction). The change in vertical acceleration vibration levels in the 1/3 octave band ( Figure 6 ) at 50, 200 and 800 Hz for one train pass-by event is shown in Figure 10 . At different frequencies, there was an average attenuation of about Sustainability 2019, 11, 6835 8 of 12 6 dB from the ballast bed to tunnel inner wall. However, the attenuations from track to ballast bed were about 30 dB and 77 dB at 200 and 800 Hz respectively, about 5 and 21 times that from ballast bed to tunnel inner wall, consistent with the statistics of PGA in Figure 5 (the PGA in the track was about 1000 times that in the ballast bed). In other words, it is observed that there is a substantial reduction of vibration level from the track to the ballast bed, thus reducing vibration source excitation intensity is the most effective vibration isolation method. Secondly, under the range of 200 Hz, the attenuation of vibration from the track to the ballast bed is about less than 40 dB, and this attenuation becomes steadily more significant with advancing frequency above the range of 200 Hz (for example, 77 dB at 800 Hz vs. 30 dB at 200 Hz).
between the PGA of ground-borne vibration and the distance vertical to the subway tunnel axis is: PGA = 0.0955e −0.062x , where x is the distance away from the axis of the subway tunnel. Using this exponential function, the relation between distance of influence and amplitude of dynamic response can be estimated, as well as the effect that vibration has on residents. The damping of soil makes the dynamic loading attenuating rapidly on the ground with the increasing distance, but this exponential fitting curve smooths as the distance x increases. The influence distance on the ground is about 20-25 m obtained from the above fitting formula, which can provide a theoretical reference to the design and construction of the building near the subway tunnel. Another noticeable feature from the viewpoint of the frequency domain is that higher frequencies are generally attenuated rapidly with distance along the transmission path through the soil (Figure 8 ), similar to that in the tunnel ( Figure  6 and Figure 10 ).
When vibrations have reached the surrounding environment, vertical vibrations are dominant [15] . Therefore, the Chinese standard of 'GB 10071-88' uses the maximum vibration level of Z direction (VLzmax) as an evaluation index for environmental impact assessment [19] . Figure 11 shows the statistics of the maximum vibration level of Z direction (VLzmax) on different floors of the six-story building (Figure 1) , before the transformation of track structure (DTⅢ-2 fastener). As compared to the vibration source, the vibration attenuation in vibration propagation system (tunnel-ground) changes with the increasing distance in accordance with some certain mathematical law. Based on the statistical analysis of large amounts of monitored data (Figure 7) , the relationship between the PGA of ground-borne vibration and the distance vertical to the subway tunnel axis is: PGA = 0.0955e −0.062x , where x is the distance away from the axis of the subway tunnel. Using this exponential function, the relation between distance of influence and amplitude of dynamic response can be estimated, as well as the effect that vibration has on residents. The damping of soil makes the dynamic loading attenuating rapidly on the ground with the increasing distance, but this exponential fitting curve smooths as the distance x increases. The influence distance on the ground is about 20-25 m obtained from the above fitting formula, which can provide a theoretical reference to the design and construction of the building near the subway tunnel. Another noticeable feature from the viewpoint of the frequency domain is that higher frequencies are generally attenuated rapidly with distance along the transmission path through the soil (Figure 8 ), similar to that in the tunnel (Figures 6 and 10) .
When vibrations have reached the surrounding environment, vertical vibrations are dominant [15] . Therefore, the Chinese standard of 'GB 10071-88' uses the maximum vibration level of Z direction (VL zmax ) as an evaluation index for environmental impact assessment [19] . Figure 11 shows the statistics of the maximum vibration level of Z direction (VL zmax ) on different floors of the six-story building (Figure 1) , before the transformation of track structure (DTIII-2 fastener). According to the FTA [15] , vibration generally reduces in level as it propagates through the building construction with a usually 1 to 2 dB attenuation per floor, but the measured attenuation value of indoor vibration was approximate 0.76 dB on average between each floor from first floor to 3rd floor ( Figure 11 ). The measured decline is slightly less than expected, which may be related to the different building structures. Secondly, to compare the outdoor and indoor (first floor) vibration, the disparity of VLzmax is mostly not greater than 2 dB.
Vibration Isolation Design
Subway vibration is a kind of wave, which could transmit from tunnel structure and surrounding strata to building construction. Therefore, the vibration insulation system is generally divided into three parts [9, 20] : changing wheel-rail contact characteristics [18, 21, 22] , cutting off or reducing vibration transmission [23] and passive isolation measure for objects [24] [25] [26] [27] [28] [29] . As mentioned above, it is observed that the most prominent and visible attenuation of vibration is from the track to the ballast bed ( Figure 5 and Figure 7) , so the reducing vibration source excitation intensity is the most effective vibration isolation method.
By comparing the vibrational data of three track structures (i.e. DTⅢ-2 fastener, elastic bearing block and vanguard fastener) before and after the transformation, the damping effect of three track structures was experimentally studied. The typical PGA on first floor of three track structures is given in Figure 12 . As shown in Figure 12 , the reduction of extreme values of vibration acceleration amplitude is observed significantly with track structural transformation. The statistical averages of the maximum vibration level of Z direction (VLzmax) on different floors of the six-story building (Figure 1 ), in accordance with the standard of 'GB 10071-88', is shown in Figure 13 , which indicates that the vibration reduction effect of track structural transformation is very obvious due to the difference of stiffness and damping parameters among the three track structures. Moreover, track structural transformation has obvious advantage over others used usually. For example, by analyzing measured data in this six-story building at different subway speed (80, 60 and 40 km/h), it was shown that subway speed limits could only reduce vibration by no more than about 2-3 dB in each reduction of 20 km/h. According to the FTA [15] , vibration generally reduces in level as it propagates through the building construction with a usually 1 to 2 dB attenuation per floor, but the measured attenuation value of indoor vibration was approximate 0.76 dB on average between each floor from first floor to 3rd floor ( Figure 11 ). The measured decline is slightly less than expected, which may be related to the different building structures. Secondly, to compare the outdoor and indoor (first floor) vibration, the disparity of VL zmax is mostly not greater than 2 dB.
Subway vibration is a kind of wave, which could transmit from tunnel structure and surrounding strata to building construction. Therefore, the vibration insulation system is generally divided into three parts [9, 20] : changing wheel-rail contact characteristics [18, 21, 22] , cutting off or reducing vibration transmission [23] and passive isolation measure for objects [24] [25] [26] [27] [28] [29] . As mentioned above, it is observed that the most prominent and visible attenuation of vibration is from the track to the ballast bed ( Figures 5 and 7) , so the reducing vibration source excitation intensity is the most effective vibration isolation method.
By comparing the vibrational data of three track structures (i.e., DTIII-2 fastener, elastic bearing block and vanguard fastener) before and after the transformation, the damping effect of three track structures was experimentally studied. The typical PGA on first floor of three track structures is given in Figure 12 . As shown in Figure 12 , the reduction of extreme values of vibration acceleration amplitude is observed significantly with track structural transformation. The statistical averages of the maximum vibration level of Z direction (VL zmax ) on different floors of the six-story building (Figure 1 ), in accordance with the standard of 'GB 10071-88', is shown in Figure 13 , which indicates that the vibration reduction effect of track structural transformation is very obvious due to the difference of stiffness and damping parameters among the three track structures. Moreover, track structural transformation has obvious advantage over others used usually. For example, by analyzing measured data in this six-story building at different subway speed (80, 60 and 40 km/h), it was shown that subway speed limits could only reduce vibration by no more than about 2-3 dB in each reduction of 20 km/h. Sustainability 2019, 11, x FOR PEER REVIEW 10 of 12 By comparing the vibrational data of three track structures (i.e. DTⅢ-2 fastener, elastic bearing block and vanguard fastener) before and after the transformation, the damping effect of three track structures was experimentally studied. The typical PGA on the first floor of three track structures is given in Figure 12 . As shown in Figure 12 , the reduction of extreme values of vibration acceleration amplitude is observed significantly with track structural transformation. The statistical averages of the maximum vibration level of Z direction (VLzmax) on different floors of the six-story building (Figure 1 ), in accordance with the standard of 'GB 10071-88', is shown in Figure 13 , which indicates that the vibration reduction effect of track structural transformation is very obvious due to the difference of stiffness and damping parameters among the three track structures. Moreover, track structural transformation has obvious advantage over others used usually. For example, by analyzing measured data in this six-story building at different subway speeds (80, 60 and 40 km/h), it was shown that subway speed limits could only reduce vibration no more than about 2-3 dB in each reduction of 20 km/h. As this research shown, although field measurement involves a lot of data collection and analysis, it is the most direct and reliable method in studying subway vibration propagation. Moreover, field measurement may be an original method of using elastic waves of acoustic emission to assess the technical condition of subway system, such as rail wear and structural damage [30, 31] .
Conclusions
(a) The reduction of extreme values of vibration acceleration amplitude is observed significantly with distance from the vibration source, especially when vibration wave spreads between the track and ballast bed. In other words, the most prominent and visible attenuation of vibration is from the track to the ballast bed. By comparing the vibrational data of three track structures (i.e. DTⅢ-2 fastener, elastic bearing block and vanguard fastener) before and after the transformation, the damping effect of three track structures was experimentally studied. The typical PGA on the first floor of three track structures is given in Figure 12 . As shown in Figure 12 , the reduction of extreme values of vibration acceleration amplitude is observed significantly with track structural transformation. The statistical averages of the maximum vibration level of Z direction (VLzmax) on different floors of the six-story building (Figure 1 ), in accordance with the standard of 'GB 10071-88', is shown in Figure 13 , which indicates that the vibration reduction effect of track structural transformation is very obvious due to the difference of stiffness and damping parameters among the three track structures. Moreover, track structural transformation has obvious advantage over others used usually. For example, by analyzing measured data in this six-story building at different subway speeds (80, 60 and 40 km/h), it was shown that subway speed limits could only reduce vibration no more than about 2-3 dB in each reduction of 20 km/h. As this research shown, although field measurement involves a lot of data collection and analysis, it is the most direct and reliable method in studying subway vibration propagation. Moreover, field measurement may be an original method of using elastic waves of acoustic emission to assess the technical condition of subway system, such as rail wear and structural damage [30, 31] .
(a) The reduction of extreme values of vibration acceleration amplitude is observed significantly with distance from the vibration source, especially when vibration wave spreads between the track and ballast bed. In other words, the most prominent and visible attenuation of vibration is from the track to the ballast bed. By comparing the vibrational data of three track structures (i.e., DTIII-2 fastener, elastic bearing block and vanguard fastener) before and after the transformation, the damping effect of three track structures was experimentally studied. The typical PGA on the first floor of three track structures is given in Figure 12 . As shown in Figure 12 , the reduction of extreme values of vibration acceleration amplitude is observed significantly with track structural transformation. The statistical averages of the maximum vibration level of Z direction (VL zmax ) on different floors of the six-story building (Figure 1 ), in accordance with the standard of 'GB 10071-88', is shown in Figure 13 , which indicates that the vibration reduction effect of track structural transformation is very obvious due to the difference of stiffness and damping parameters among the three track structures. Moreover, track structural transformation has obvious advantage over others used usually. For example, by analyzing measured data in this six-story building at different subway speeds (80, 60 and 40 km/h), it was shown that subway speed limits could only reduce vibration no more than about 2-3 dB in each reduction of 20 km/h. As this research shown, although field measurement involves a lot of data collection and analysis, it is the most direct and reliable method in studying subway vibration propagation. Moreover, field measurement may be an original method of using elastic waves of acoustic emission to assess the technical condition of subway system, such as rail wear and structural damage [30, 31] .
(a) The reduction of extreme values of vibration acceleration amplitude is observed significantly with distance from the vibration source, especially when vibration wave spreads between the track and ballast bed. In other words, the most prominent and visible attenuation of vibration is from the track to the ballast bed.
(b) The ground-borne vibration would quickly decrease with distance from the centerline of the subway tunnel, and the decay ratio of the vibration increases with the increase in frequency range, similar to that in tunnel. (c) The measured attenuation value of indoor vibration was approximate 0.76 dB on average between each floor from 1st floor to 3rd floor, and there is little difference between the outdoor vibration and the corresponding indoor vibration on the 1st floor. (d) It is recommended to take a construction gauge of 20-25 m outside of the tunnel. Further, reducing vibration source excitation intensity is the most effective vibration isolation method, especially track structural transformation.
In future studies, more detailed analysis on the structural damage identification based on acoustic emission will be addressed by continuous measurements and theoretical analysis. 
